Branch capture reactions (BCR) contain two DNA species: (i) a recipient restriction fragment terminating in an overhang and (ii) a displacer-linker duplex terminating in a displacer tail complementary to the overhang as well as contiguous nucleotides within the recipient duplex. Branched complexes containing both species are captured by ligation of the linker to the recipient overhang. Specificity depends upon branch migration and is increased by substitution of bromodeoxycytidine for deoxycytidine in the displacer. BCR rates and specificities were determined for recipient overhangs that were (i) 5' and 3', (ii) 3 and 4 nucleotides long, and (iii) 0-100% G + C. Model systems permitted independent determination of G + C and branching effects on ligation rates and verification of rapid equilibrium between the branched complex and its component species. With all 4-base overhangs, recipient duplexes permitting extensive branch migration became saturated with displacer-linker duplexes. With increasing G + C, increasing ligation at competing sites led to decreased BCR specificity. BCR may be used to label a DNA fragment prior to electrophoresis, mark a fragment for affinity chromatography, or introduce a new overhang sequence compatible with a restriction endonuclease site in a cloning vector. A protocol was confirmed for mapping restriction sites in cloned DNA.
INTRODUCTION
Branch capture reactions (BCR) have recently been shown to provide a basis for sequence-specific labeling of one recipient duplex DNA fragment in a population of fragments resulting from digestion of DNA with the restriction endonuclease Pstl (1) . A model of BCR is shown in Figure 1 . The labeling reaction utilized a displacer oligodeoxynucleotide containing two contiguous sequences, a sequence complementary to the recipient duplex strand containing the 3'-overhang and a sequence complementary to and hybridized with a linker oligodeoxynucleotide. The linker strand was covalently bonded to the recipient overhang using T4 DNA ligase, thus capturing the branched complexes composed of recipient and displacer-linker duplexes. BCR rates were proportional to T4 DNA ligase concentration and were unaffected by at least a 1000-fold excess of unrelated DNA. A single mismatch was shown to terminate the branch migration process. The specificity of DNA labeling with BCR was shown to be increased by substitution of bromodeoxycytidine (BrdC) for deoxycytidine (dC) in the displacer strand because the substitution increased the relative stability of the displacer-recipient hybrid (2) (3) (4) (5) . Methyldeoxycytidine substitution leads to a smaller increase in specificity (unpublished observations). In this work, BCR rates and specificities were determined for recipient overhangs that were (i) 5' and 3', (ii) 3 and 4 nucleotides long, and (iii) 0-100% G+C. Specificity was found to decrease significantly with increasing G+C content for 4-base overhangs.
Isolation (6) or production of DNA molecules containing singlestranded branches had previously been limited to structures stabilized by the energy stored in negative supercoils (7) (8) (9) , molecules formed using RecA protein with ATP as an energy source (10) , or molecules stabilized by formation of adjacent, stable hybrids (11) . Both first order (9) and second order (12) rates for the displacement (reverse) reactions have been measured and have been found to be extremely rapid, with the second order reaction limited by DNA reassociation kinetics. A less complicated displacement reaction (1) using a recipient oligodeoxynucleotide duplex with a 3'-overhang and a displacer oligodeoxynucleotide also exhibited a rate consistent with rapid branch migration following a nucleation reaction similar to that of DNA reassociation kinetics (13) . In this work, displacement assays mimicking the forward reaction of a BCR pre-equilibrium have been performed with oligodeoxynucleotide duplexes, replacing the BCR recipient duplexes, and either displacers or displacer-linker duplexes. The displacement rates were found to be strongly linker-dependent and to be faster than BCR.
T4 DNA ligase has been assayed by observing the increase of strand size in nicked DNA substrates (14, 15) and the circularization of linear DNA fragments with EcoRl termini (16), assayed under conditions favoring linear forms (17) . In this work, ligase-dependent circularization rates were determined for pUC19 linearized with several restriction endonucleases. Bimolecular reactions with duplex oligodeoxynucleotides were also studied with and without obligate branched products. These model systems permitted independent determination of G+C and branching effects on ligation rates.
Taken together, the results support a model where (i) the branched complex for ligation in a BCR is at equilibrium with : To whom correspondence should be addressed the recipient and displacer-linker duplexes, (ii) the branched a highly sequence-specific reaction when initiated at 4-base complex is the dominant species following extensive branch overhangs with 0-50% G+C. migration with BrdC-substituted displacer strands and (iii), with BCR may be used to label a DNA fragment prior to increasing G+C content of 4-base overhangs, increasing electrophoresis permitting detection without blotting and concentration of branched complexes at competing sites leads to subsequent Southern hybridization (18) , to mark a fragment for decreased BCR specificity. In practice, BCR has proven to be affinity chromatography, or to introduce a new overhang sequence compatible with a restriction endonuclease site in a cloning vector. In this work, a labeling protocol was confirmed for mapping restriction sites in cloned DNA.
MATERIALS AND METHODS Oligodeoxynucleotides, Plasmids and Enzymes
All oligodeoxynucleotides (Table 1) were synthesized on an Applied Biosystems Model 38OB DNA Synthesizer using standard phosphoramidite chemistry. Molar concentrations, when used, refer to oligodeoxynucleotide concentration and not to total nucleotide concentration. BrdC was incorporated using a BrdC phosphoramidite monomer (ABN-Fisher). Purification steps were limited to hydrolysis of base-protecting groups and cleavage from the support with NH 4 OH, evaporation, resuspension, extraction with phenol/chloroform, and ethanol precipitation. All oligodeoxynucleotides were 5'-labeled with 32 P using T4 polynucleotide kinase, subjected to polyacrylamide gel electrophoresis on 20% acrylamide-8 M urea gels, and visualized by autoradiography. A single oligodeoxynucleotide species of the correct size was routinely detected. Plasmid pMS19 is a derivative of pUC19 with additional sequences, shown in Table 1 , inserted at the Hindlll and EcoRl sites. Plasmid pALAD is a pUC9 expression vector containing the cDNA sequence of human 8-aminolevulinate dehydratase (ALAD), a heme biosynthetic enzyme (19) . Plasmids pALAD-G3 and pMS19-G4 are pUC19 and pMS19 clones containing 3.2 and 3.6 kb genomic fragments of ALAD respectively. All plasmids were propagated in E. coli strain DH5a and purified by standard methods (20) . Restriction endonucleases, T4 polynucleotide kinase and T4 DNA ligase were obtained from and used as recommended by New England Biolabs.
Branch Capture Reactions (BCR)
Depending on the recipient restriction site overhang, either a linker (3'-overhang) or a displacer (5'-overhang) oligodeoxynucleotide was 32 P-labeled using T4 polynucleotide kinase. In the 3'-overhang case, the labeling reaction was followed by reaction with excess unlabeled ATP to ensure that all linker strands contained a 5'-phosphate. The linker oligodeoxynucleotides were purified over spun columns (20) of Sephadex G-50. EcoRl and Xmal sites were investigated in pALAD-G3 digested with either EcoRl and Rsal or Xmal and BamHl, where the second enzyme was used to produce convenient sizes of recipient fragments. Pstl sites were investigated using pALAD digested with Pstl and Rsal. Typically, digested plasmid (20 jtg/ml) was mixed with a displacer oligodeoxynucleotide (6 jig/ml) and linker oligodeoxynucleotide (2 jtg/ml) in a pH-reduced T4 DNA ligase buffer (50 mM Tris-HC1 pH 7.0, 1 mM ATP, 10 mM MgCl 2 , 20 mM DTT, 50 /ig/ml BSA), incubated at 55°C for 5 minutes, cooled to room temperature, and incubated at 16°C for 1 minute to 24 hours in the presence of 25 U/ml T4 DNA ligase (New England Biolabs units). A model for BCR is shown in Figure 1 . Ligation products were examined following electrophoresis on ethidium bromidecoiitaining, 1 % agarose gels by UV fluorography as well as by autoradiography.
Specificity Experiments pALAD-G3 was digested with either EcoRl and Rsal or Xmal
and BamHl, phenol/chloroform extracted and ethanol precipitated. BCR experiments were carried out with plasmid (1.25 /ig/ml), 5'-32 P-labeled BrdC displacer (3 jig/ml), linker (1 Mg/ml) and lambda DNA digested with £coRI and Xmal (12.5 jtg/ml to 100 /ig/ml) for 8 minutes with 25 U/ml T4 DNA ligase. Care was taken not to dissociate 5'-32 P-labeled BrdC displacer from any captured linkers. Products were examined following electrophoresis on 1 % agarose gels by quantitative autoradiography.
Displacement Assay
The displacement assay was carried out as previously described (1) . Briefly, a gel migration assay was used to monitor the displacement of a 5'-32 P-labeled dC-containing oligodeoxynucleotide, by the unlabeled BrdC-containing analogue, from a synthetic recipient duplex with the complementary oligodeoxynucleotide. Recipient duplexes were incubated at room temperature in pH-reduced T4 DNA ligase buffer for 5 minutes. These duplexes were then incubated at various temperatures as a function of time with BrdC-containing oligonucleotide displacers both with and without a linker. Aliquots were removed at each time point, diluted into loading buffer II (20) at 4°C and stored at -70°C prior to analysis. The aliquots were analyzed following electrophoresis at 400 volts on a 20% acrylamide gel at 4°C in 89 mM TrisHCl, 89 mM borate, 1 mM EDTA, pH 8 (TBE). Product distribution was determined by quantitative autoradiography.
Circularization Reactions pUC19 was digested with either Pstl, EcoRl or Xmal, extracted with phenol/chloroform and ethanol precipitated. The linearized plasmid was ligated in pH-reduced T4 DNA ligase buffer as a function of time at 16°C (and 8° and 24°C for Xmal) with aliquots removed between 1 and 128 minutes. Ligation products were separated by electrophoresis on a 1 % agarose gel containing ethidium bromide, and analyzed by UV fluorography.
Steric Hindrance of a Branch
EcoRl digested pALAD-G3 (20 /ig/ml) was mixed with a either a blunt or two base branch-forming oligodeoxynucleotide (6 fig/ml) and linker oligodeoxynucleotide (2 /ig/ml) in a pHreduced T4 DNA ligase buffer, incubated at 55°C for 5 minutes, Key:
• Displacer
• Linker
• Recipient Dupiex cooled to room temperature, and incubated at 16°C for from 1 minute to 24 hours in the presence of 25 U/ml T4 DNA ligase (New England Biolabs units). Ligation products were examined following electrophoresis on ethidium bromide-containing, 1 % agarose gels by UV fluorography and as well as by autoradiography.
Partial Digest Mapping
Plasmid pMS19-G4 was digested with Sfil or Notl, phenol/chloroform extracted and ethanol precipitated. BCR experiments were performed using the appropriate displacer and linker oligonucleotides. The BCR product was partially digested at 37° with Sau3Al (30 U/ml), and aliquots were removed at 1 to 30 minutes. The samples were separated by electrophoresis on a 1 % agarose gel in TBE at room temperature and restriction endonuclease digestion patterns were visualized by autoradiography.
RESULTS
A model for a branch capture reaction (BCR) is shown in Figure  1 . Recipient DNA was digested with a restriction endonuclease to produce an overhang. BCR utilizes a displacer oligodeoxynucleotide containing two contiguous sequences, a sequence complementary to the recipient duplex strand containing the overhang and a sequence complementary to and hybridized with a linker oligodeoxynucleotide. The linker strand may be covalently bonded to the recipient overhang using T4 DNA ligase, thus capturing the branched complexes composed of recipient and displacer-linker duplexes. The formation of branched molecules is initiated by hybridization of complementary nucleotides on the displacer to the overhang on the recipient duplex. In order to understand better the kinetics and equilibria of BCR, the following additional rate measurements were performed: (i) strand displacement initiated by a displacer or a displacer-linker duplex, (ii) unimolecular ligation of plasmid DNA linearized with EcoRl and other restriction endonucleases, and (iii) bimolecular ligation of a branch-forming or a non-branchforming oligodeoxynucleotide duplex to an £coRI-generated recipient overhang.
Displacement Reactions
Displacement reactions involve the replacement of one strand of an oligodeoxynucleotide duplex by another. BrdC-containing oligodeoxynucleotides were examined for their ability to displace their dC-containing analogues from duplexes at 37 °C. The displacer and linker oligodeoxynucleotides used in these studies were the same as those used for the BCR studies described below. Table 2 presents a summary of displacement rates. The displacement rate at a Pstl rate was the same as previously determined (1) . Increasing G+C content of the target duplex overhang (e.g. Xmal), which stabilizes the transient duplex formed between the displacer strand and the overhang of the target duplex, led to increasing displacement rates. We had previously reported (1) that this already rapid rate of displacement increased with decreasing temperature, presumably due to increased stability of the transient complex formed at the overhang. Thus, the rate-determining step of BCR was ligation and not the displacement step.
Because the displacement half-time at an £c<?RI site was 60 minutes at 37° with 1 /iM displacer, the possibility existed that BCR at an £coRI site might be limited by the displacement rate, even at 16°C. However, the appropriate displacement experiment for comparison with BCR should include a linker strand hybridized to a portion of the displacer strand. When linker strands were added to displacement reactions, the rate of displacement increased by an order of magnitude, sufficient to assure that ligation would be the rate determining step even for ends with 0% G+C. 
Bimolecular Ligation Reactions
The effect of a branch on bimolecular ligation was investigated. One of the reactants was an EcoRl end of a recipient duplex DNA. The second reactant was an oligodeoxynucleotide duplex terminating in either an EcoRI overhang (formed by E-O-dC and E-L-dC, Table I ) or an EcoKl overhang with a two base extension (formed by E-2-dC and E-L-dC). Bimolecular ligation with the latter reactant leads to an obligate branched product. The results of these measurements are presented in Table 3B . The presence of a branch led to a 20-fold decrease in the rate of ligation, corresponding to a destabilization of the ligase substrate by 1.7 kcal/mol.
BCR
A model for a branch capture reaction (BCR) at a single recipient site is shown in Figure 1 . In order to measure the relative rate of BCR at any two different restriction endonuclease sites, two plasmid fragments of different length were reacted with T4 DNA ligase in the presence of equimolar concentrations of appropriate displacer-linker duplexes. All pair-wise combinations of EcoKl, Pstl and Xmal were examined. The sequences of the displacerlinker duplexes and the recipient sites are given in Table 1 . Figure 2 shows the results for simultaneous BCR at EcoRl and Pstl recipient sites. The covalent attachment of the displacerlinker duplex to the end of a fragment results in a small, visible reduction in mobility on an agarose gel. The arrows in Figure  2 indicate the recipient restriction fragments undergoing mobility shifts with increasing reaction times in lanes 1-5 and 8-12. Table 4A lists BCR half-times for several recipient structures and displacer sequences, either determined independently or using the relative rate method described above. All BCR rates were found to be dependent on ligase concentration. The half-times of BCR listed in Table 4A , all involving substantial branch migration by BrdC-substituted displacer strands, were quite similar. These results indicate that the displacer-linker duplexes have saturated the recipient sites. 0 1 2 3 4 5 6 V 5 9 101112 FIGURE 2: Simultaneous Branch Capture Reactions: Lane 0: Avail digested X marker. Lane 6: PstMRsal digested pALAD. Lane 7: EcoRURsal digested pALAD-G3. Lanes 1 -6,9-12: BCR products following ligation in the presence of P-D-BrdC (6 f»g/ml), P-L-dC (2 jig/ml), E-D-BrdC (6 jig/ml), E-L-dC (2 M g/ml) and 25 U/ml T4 DNA ligase for 1, 2, 3, 5, 8, 13, 18 , 25, 34 and 43 minutes, respectively. BCR rates have been determined for a single displacer at three Pstl (50% G+C overhang) recipient sites (1) . Complementarity between the displacer and the recipient extended 0, 4 (with two BrdCs) and 19 nucleotides beyond the Pstl sites. The rates increased with increasing complementarity. On the other hand, rates did not increase when the complementarity increased from 3 (with two BrdCs) to 25 nucleotides beyond two Xmal (100% G+C overhang) recipient sites. These results indicate that displacer-linker duplexes have saturated the Xmal site containing only three additional nucleotides complementary to the displacer.
Specificity is defined to be the ratio of the maximum BCR rate at recipient sites saturated with displacer molecules to the BCR rate at a site with no additional complementarity beyond the restriction endonuclease recognition sequence. Specificities for several restriction endonuclease sites are compiled in Table 4B . Because unrelated sites containing high G+C content were better substrates than sites with lower G+C content, the specificity decreased with the G+C content of 4-base overhangs.
Partial Digest Mapping: an Application of BCR
The cloning vector, pMS19, was constructed to include a polylinker bracketed by rare-cutting Notl and Sfil and contiguous sequences synthesized for efficient capture of BrdC-containing displacer sequences at the Notl and Sfil sites. The phase of /3-galactosidase was preserved in the construction so that blue colonies were produced on plates containing X-gal. The results of a partial-digest mapping experiment using BCR is illustrated in Figure 3 . pMS19-G4 (pMS19 containing a 3.6 kb insert) was digested with Sfil. A BCR reaction was performed using the appropriate, radiolabeled, displacer-linker duplex ( Table 1 ). The product was partially cleaved with SaiilAl and analyzed by agarose gel electrophoresis and autoradiography. The results in figure 3 demonstrate that BCR works well for labeling an insert at a unique Sfil site for subsequent partial-digest mapping. Similar results may be obtained at recipient duplex sites containing 0-50% G + C overhangs, such as EcoRl and Pstl. Specificity of BCR at the Notl site was insufficient. The other side of the site labeled due to the high G+C content of the overhang as well as the size of the Notl recognition sequence.
THEORETICAL
The analysis of BCR at a 4-base overhang (1) has been extended to take into account site saturation. BCR begins with formation of four base pairs at a recipient overhang. These base pairs are numbered 1 through 4. Formation of additional base pairs requires branch migration. Assume that all four base pairs of an overhang are formed in an all-or-none fashion and that there is no difference between the stability of singly and doubly branched structures.
Let q = partition function. a = initiation parameter. C = oligodeoxynucleotide concentration. s k = equilibrium constant to add base k to the stack. K = equilibrium constant for a BrdC-dG base pair versus a dC-dG base pair where K has been determined experimentally (1) to be 1.9. B k = 1 if branch migration results in no nucleotide substitution. B k = K if branch migration replaces dC by BrdC.
For complete branch migration to position m:
For incomplete branch migration, the series is terminated at the final allowed step. In the partition function, unreacted recipients are given a weight of 1. Thus, the extent of saturation of a recipient end by displacer-linker duplexes is: Saturation = (q-1) / q displacer. N = number of modified displacer nucleotides binding the overhang.
1=5 k=5
Let P = r P' where P' is the unknown P for Pstl and r is the ratio of site occupancy at any overhang to that at Pstl.
The value of r for a second enzyme may be determined using relative half-times for circularization of pUC19 (t,.) linearized with Pstl and the second enzyme (Enz).
Finally:
DISCUSSION
There are two general applications for BCR. Firstly, BCR may be used for selective cloning (1) . Secondly, specific restriction fragments can be labeled to facilitate their detection following gel electrophoresis thus circumventing the need for blotting and Southern hybridization. In addition to 32 P end-labeling displacer or linker strands, fluorescent, affinity or other labels may be incorporated into the duplex portion of the displacer-linker duplex, where any duplex destabilization will not interfere with BCR. In this work, partial digest mapping of an insert was carried out using BCR at Notl and Sfil sites in the vector pMS19. Notl and Sfil sites occur infrequently. Sfil cleaves to yield nonpalindromic 3-base overhangs internal to the site. Specificity of BCR is intrinsic toward one side of an Sfil site, and no difficulty was encountered in specifically labeling the Sfil site adjacent to an insert. Specificity of BCR toward one side of the Notl in pMS19 was poor. To address the specific problem of partial mapping using BCR at infrequent cutters, a second Sfil site may be introduced which leads to a new pair of overhang sequences. To address the general problem of BCR specificity, experiments were carried out to measure the saturation of recipient sites.
All experimental results were consistent with a mechanism of BCR involving a pre-equilibrium with rapid branch migration followed by a rate determining step of ligation. Displacement reactions using both a linker and a BrdC-substituted oligodeoxynucleotide were so rapid that equilibrium between displacer-linker duplexes and recipient sites was assured. The T4 DNA ligase reactions were all carried out under conditions where K m » nucleic acid substrate concentration. Thus all ligations, including BCR, should be proportional to the substrate concentration and the ligase concentration.
Rates of circularization of linearized pUC19 were proportional to ligase concentration and depended on the G + C content of the overhangs. Although ligase becomes more active as temperature increases, even for the most rapid circularization reactions, ligation rates decreased with increasing temperature indicating a decreased concentration of circular substrates. With Xmal overhangs the rate of circularization decreased slightly between 8° and 16°C, and more between 16° and 24 C C, indicating that Xmal sites are approaching half saturation at 16°C.
Again defining r to be the ratio of site occupancy at any overhang to that at Pstl, r = 0.2 for EcoKI and for Xma\, taking into account saturation of the ends, r =40. These r values are consistent with previous thermodynamic studies of duplex formation with oligodeoxynucleotides with varying sequences (21) . With exclusion or inclusion of a stacking interaction at the end of the overhang sequences, predicted r values are 0.3 or 0.2 for EcoYtl and 30 or 125 for Xmal, respectively
The BCR experiments were all carried out using 400 nM displacer. The effective concentration of the other end of linearized pUC19, the Jacobson-Stockmayer factor, was about 30 nM (16) . In Table 3B , the rate of ligation was measured between a recipient duplex and an oligodeoxynucleotide duplex terminating in either an EcoKI overhang (formed by E-0-dC and E-L-dC, Table I ) or an £coRI overhang with a two base extension (formed by E-2-dC and E-L-dC). The rate was decreased 20-fold in the obligate branched structure. Thus the substrate concentration resulting from 400 nM of a displacer strand incapable of branch migrating would be of the same order of magnitude as the substrate concentration present in the circularization reactions. Unlike BCR, circularization reaction substrates have two sites where ligase may act, leading to increased rates. Saturation of 'recipient' ends is approached for both circularization reactions and BCR as the G+C content of the overhang is increased.
Previous measurements (1) demonstrated that the BCR rate at a Pstl recipient site with four additional nucleotides (complementary to two BrdCs) beyond the Pstl site was 1/24 the rate at an extensive recipient site. For this case, Q = 15.
P' • 15 < 1/24 or Thus: q-1 = 1.9' • 1 P' < 1.5 • 10-3 The BCR rate at an Xmal recipient site with three additional complementary nucleotides (complementary to two BrdCs, Q = 15) was the same as the rate at an extensive recipient site. Furthermore, the BCR rate at an Xmal recipient site with no additional complementary nucleotides (Q = 2.9) was less than the rate as either the partial or complete recipient sites.
Thus: q-1 = 1.9 2 • 40 • P' • 15>1 or P'>4.5 • 10-4 Therefore, to calculate q values, let P'« 7.5 • 10~4 at 400 run displacer. Based on these approximations, saturation levels were calculated for all the BCR experiments. The calculated and experimental results in Table 4B are in good agreement. The similar BCR rates at complete sites with modified displacers, reported in Table 4A , result from saturation of these sites with displacer-linker duplexes. In conclusion, knowing the rates of circularization of pUC19 cut with any restriction endonuclease and the sequence of the displacer strand, one may calculate both the saturation of potential recipient sites and extent of specific capture of a displacer-linker duplex at that site. In practice, the specificity of BCR should exceed 300 for all 4-base overhangs not composed solely of G+C.
